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The genomic evolution and causes of phenotypic variation among humans and great apes remain largely unknown,
although the phylogenetic relationships among them have been extensively explored. Previous studies that focus
on differences at the amino acid and nucleotide sequence levels have revealed a high degree of similarity between
humans and chimpanzees, suggesting that other types of genomic change may have contributed to the relatively
large phenotypic differences between them. For example, the activity of long interspersed element 1 (LINE-1)
retrotransposons may impose significant changes on genomic structure and function and, consequently, on phe-
notype. Here we investigate the relative rates of LINE-1 amplification in the lineages leading to humans, bonobos
(Pan paniscus), and chimpanzees (P. troglodytes). Our data indicate that LINE-1 insertions have accumulated at
significantly greater rates in bonobos and chimpanzees than in humans, provide insights into the timing of major
LINE-1 amplification events during great ape evolution, and identify a Pan-specific LINE-1 subfamily.
Non–long-terminal repeat transposable elements are
thought to be ubiquitous in sexually reproducing eu-
karyotes (Arkhipova and Meselson 2000) and have
served as an important driving force in genomic evo-
lution for 1600 million years (Malik et al. 1999). Long
interspersed elements (LINEs) constitute 120% of the
human genome and, through the mobilization of short
interspersed elements (SINEs) and 3′ flanking DNAs,
have created 140% of human DNA (Holmes et al. 1994;
Goodier et al. 2000; Pickeral et al. 2000; Lander et al.
2001). LINE-1 (L1) retrotransposons are the youngest
LINEs in mammalian genomes and include the only ac-
tively mobile LINEs in modern humans (Lander et al.
2001). Previous investigations into the role of L1 biology
in shaping the human genome have been restricted to
studies of human genetic sequence.
To gain broader insights into the role of L1s in great
ape genomic evolution, we developed a molecular pro-
cedure to sample L1s that amplified during the period
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of great ape speciation from the genomes of humans
(Homo sapiens), common chimpanzees (Pan troglo-
dytes), and bonobos (P. paniscus). The L1 subfamilies
of primary interest in this study are designated “L1Hs”
and “L1PA2–L1PA5,” because these are the subfamilies
that amplified during the period of ape evolution. L1Hs
elements inserted after the divergence of the Homo and
Pan lineages and therefore are present only in the ge-
nomes of humans. L1PA2–L1PA5 elements are older,
with increasing subfamily number reflecting increasing
age of the subfamily (Smit et al. 1995). The method,
which is described in figure 1A, is designed to construct
unbiased libraries of recent L1s, each possessing an in-
tact 5′ end and a variable length of 5′ flanking DNA.
The sequences of the flanking DNAs serve as tags for
the identification of the insertion target sites in the draft
human genome sequence, as determined by BLAST (Al-
tschul et al. 1990) or BLAT (Kent 2002) searches. Two
methods were used to ensure that the libraries sampled
recent L1 insertions. First, we designed the primers to
take advantage of an ArT mutation present in all L1
insertions younger than L1PA4 at position 95 of L1 ret-
rotransposable element 1 (LRE1) (authors’ unpublished
observation), an active human retrotransposon (Dom-
broski et al. 1991). Second, insertions that amplified
during recent human evolution have a higher fraction
Figure 1 LOAF library construction and characterization. A, Previously described method of PCR genome walking (Siebert et al. 1995),
adapted for the construction of the LOAF libraries. Genomic DNA was digested and ligated overnight to the Genome Walker adaptor (Clontech).
Internal L1 primers were designed by aligning bases 1–500 of 32 full-length primate-specific L1 insertions (not shown). Regions near the 5′ end
that were highly conserved among the sequences were selected for primer hybridization. First-round PCR analyses were performed with adaptor
primer 1 (Clontech) and an internal L1 primer. Second round PCR analyses were performed with adaptor primer 2 (Clontech) and a nested
internal L1 primer. Primer sequences are available from the authors upon request. One human library was made by use of the EcoRV-ligated
human DNA supplied by the manufacturer, and four libraries each (DraI, EcoRV, PvuII, and StuI) were constructed from a human Pygmy, a
chimpanzee, and a bonobo. Products of the secondary PCRs were ligated into the pCR 2.1 Topo vector (Invitrogen); individual colonies were
cloned and sequenced. Arrows denote PCR primers, and dashed lines indicate the PCR products. B, Distribution of near–full-length L1 insertions
among the L1Hs–L1PA5 subfamilies on five human chromosomes. RepeatMasker data for the L1 insertions on human chromosomes 1, 5, 12,
15, and 22 were downloaded from the UCSC database. The number of L1s belonging to subfamilies L1Hs–L1PA5 was determined for insertions
that were 15,500 bp and contained a complete 3′ UTR. Elements that were 5′ truncated beyond bp 67 of the LRE1 sequence were eliminated
from consideration, because these insertions would not be amplified by the LOAF primers and therefore would be absent from the libraries.
C, Subfamily distribution of near–full-length L1s isolated from the human, bonobo, and chimpanzee LOAF libraries. “Lineage-specific” refers
to L1 elements that inserted after the divergence of the Homo (i.e., insertion present only in humans) and the Pan lineages (i.e., insertion present
only in bonobos and/or chimpanzees).
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Table 1




NO. OF CLONE LOCI
FROM GENOME OF
Humans Bonobos Chimpanzees
1 4 2 3
2 4 6 4
3 6 1 5
4 7 6 5
5 2 5 6
6 6 6 5
7 2 3 2
8 4 2 …
9 1 2 1
10 2 … 3
11 3 6 …
12 5 … 2
13 2 … …
14 2 2 2
15 2 1 1
16 … 2 1
17 1 … 1
18 … … 2
19 … 1 3
20 … 1 3
21 … … …
22 1 … …
X … 1 …
Y 1 … 2
of full-length elements than do older L1s (Boissinot et
al. 2000; Ovchinnikov et al. 2002). Consequently, li-
braries containing L1s with intact 5′ ends are enriched
for younger insertions. We hereafter refer to these as
“LOAF” libraries (LINE one and flanking DNA).
Characterization of the LOAF libraries confirmed that
they lack both age and position bias and therefore ac-
curately represent the recent L1 insertions found in the
Homo and Pan genomes. All of the 56 human, 58 bon-
obo, and 65 chimpanzee clones that were isolated from
the libraries and sequenced contained an L1 5′ end, as
predicted. For most of the clones (53 human, 49 bonobo,
and 49 chimpanzee), the insertion target sites could be
identified in the human genome databases. We com-
pleted the database searches at a time when 98% of the
euchromatic human genome was represented in Gen-
Bank. Thus, the fraction of human clones for which a
target site could be identified in GenBank (53/56 [95%])
corresponded well with expectations. The insertion sites
for the human, bonobo, and chimpanzee clones were
distributed on a broad range of human chromosomes
(table 1), indicating no position bias in the libraries. The
complete sequence of the target site and 5′ and 3′ flanking
DNA was available from GenBank for 49 human clones.
RepeatMasker was used to determine the subfamily des-
ignation of the insertions. For comparison, we deter-
mined the subfamily classifications of all of the near–full-
length L1 insertions on five randomly chosen human
chromosomes (representing ∼24% of human euchro-
matic DNA) as a representation of the whole genome
(fig. 1B). For the L1Hs–L1PA3 subfamilies, the distri-
butions of the human LOAF library and genomic L1s
were similar, indicating a lack of age bias in the libraries
(fig. 1C). Older L1 insertions (L1PA4) are underrep-
resented in the libraries, as expected, because most of
these insertions have the older A nucleotide at the prim-
ing site of the first of two nested primers used in the
construction of the libraries (fig. 1A). We conclude
that the LOAF libraries represent the first substantial
and unbiased source of data on the distribution and
activity of L1 retrotransposons during the late great ape
radiation.
The relative rates of L1 accrual in two lineages with
a common ancestor can be derived from a reciprocal
comparison of the fraction of lineage-specific insertions
present in their genomes. For example, if 80% of the
randomly sampled L1s from species A are also present
in species B, then the remaining 20% of the insertions
in A have occurred after the separation of the two spe-
cies. Likewise, if only 60% of the insertions in B are
found in A, then 40% of the insertions in B occurred
subsequent to the divergence of A and B. According to
this example, the rate of L1 accrual in species B has been
two times the rate in species A. The rate of L1 accrual
is equal to the rate of L1 amplification (which itself is
a function of the rates of transposition and fixation)
minus the rate of L1 loss (Boissinot et al. 2001). When
the rates of L1 loss have been low, this method yields
an estimate of the relative rates of L1 amplification. We
next applied this approach to a comparison of the ac-
cumulation of L1s in the Homo and Pan lineages.
Three of the 49 human LOAF clones for which com-
plete genomic information was available from GenBank
contained human-specific (L1Hs-Ta) insertions. An ad-
ditional locus had no L1 insertion. We PCR amplified
the target site for this insertion from 11 unrelated and
ethnically diverse human DNA samples and were unable
to detect the presence of the occupied allele (data not
shown). We were unable to confirm the presence of this
insertion in the DNA of the individual from whom the
LOAF library was prepared, because unmodified ge-
nomic DNA was not available. Nevertheless, this clone
was counted as human specific, because rare polymor-
phic L1 insertions have been observed (Sheen et al. 2000;
Myers et al. 2002). Therefore, in total, 4 of the 49 human
LOAF clones contained human-specific L1 insertions.
We compared the fraction of human-specific L1s among
the LOAF library clones to the fraction of human-spe-
cific L1s among the recent insertions in the human ge-
nome as a whole (fig. 1B). The differences between these
proportions were not statistically significant ( ,Pp .348
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Figure 2 PCR genotyping of LOAF library L1 insertion sites. L1 insertion sites were identified by searching the online human genome
sequence databases with the sequences of the LOAF clone 5′ flanking DNAs. The presence or absence of L1 elements at the insertion target
sites in the various species was determined by PCR amplification of genomic DNA derived from human (hu), bonobo (bo), chimpanzee (ch),
lowland gorilla (go), and Sumatran orangutan (so). mk p DNA marker; nc p negative control. Genotyping was successfully performed for
34 human, 36 bonobo, and 19 chimpanzee loci (conditions available upon request). A, PCR amplifications using flanking sequence primers.
Primers were designed to hybridize to the 5′ and 3′ flanking sequences surrounding the insertion target sites. Both the occupied and empty alleles
could be positively identified using a single reaction. An insertion present in humans, bonobos, chimpanzees, and gorillas but absent from
Sumatran orangutans is shown (top). An insertion present only in bonobos is also shown (bottom). B, PCR amplifications across the 5′ junction
of the L1 insertion. When the full-length L1 insertion was difficult to amplify, the presence of an insertion was confirmed by amplifying the 5′
junction of the L1, using an internal primer matching nt 96–114 of LRE1 and the same 5′ flanking primer that was used to amplify the empty
insertion target site. The panel depicts an L1 insertion present in all species, including a Bornean orangutan. For two loci for which PCR
analyses were inconclusive, the presence or absence of the L1 insertion was confirmed by sequencing the cloned PCR products. bop bonobo;
bn p Bornean orangutan; ch p chimpanzee, hu p human; go p lowland gorilla; mk p DNA marker; nc p negative control; and so p
Sumatran orangutan.
x2 test; fig. 1B and 1C), again confirming the lack of age
bias in the LOAF libraries.
Surprisingly, a much larger proportion of the L1 in-
sertions isolated from the bonobo and chimpanzee
LOAF libraries (each derived from a single individual)
were lineage specific (fig. 1C). Complete genomic infor-
mation was available from the human sequence data-
bases for 47 bonobo and 46 chimpanzee clones, and L1
elements were identified at the insertion target sites of
38 and 35 of them respectively. Thus, 9 of 47 bonobo
and 11 of 46 chimpanzee clones were lineage specific.
We compared the fractions of Pan-specific LIs in the
chimpanzee and bonobo libraries to the fraction of line-
age-specific LIs in the human genome sequence (figs. 1B
and 1C). The differences in the proportions of lineage-
specific insertions were statistically significant for both
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Figure 3 Species distribution of L1 insertions by subfamily class.
The presence or absence of an L1 at LOAF library clone insertion
target sites in the different species was determined by PCR genotyping.
In nearly all cases, the distribution of the insertions was determined
by genotyping at least two individuals from each species. The arrows
point to the period of great ape evolution during which the enumerated
elements inserted.
bonobos ( , x2 test) and chimpanzees ( ,P ! .001 P ! .001
x2 test). These data indicate that, since the divergence
of the Pan and Homo lineages, L1s have accumulated
at rates between 2.3- and 3-fold faster in Pan lineages
than in the Homo lineage.
Inferences drawn from the in silico analysis about the
species distribution of the LOAF library L1 insertions
were confirmed by PCR genotyping. Each of the lineage-
specific insertions ( ) was genotyped in at leastnp 24
two individuals from each species. In most cases, reac-
tions performed with primers that hybridized to the
DNA flanking both sides of the target sites (Ovchinnikov
et al. 2002) confirmed the presence of the occupied and
empty alleles in the different species (fig. 2A). In several
cases, PCR amplification of the empty alleles was
achieved, but amplification of the full-length L1 inser-
tion was not. For these loci, the presence of the L1 el-
ement was confirmed using an internal primer matching
the L1 5′ end and the same 5′ flanking primer that had
successfully amplified the empty allele (fig. 2B). In total,
PCR genotyping successfully confirmed the distribution
of 21 of 24 lineage-specific insertions. In the three ad-
ditional cases, genotyping was unsuccessful. In all cases,
the bioinformatic conclusions and PCR genotyping re-
sults were concordant.
The genotyping data also indicate the evolutionary
periods during which the great ape L1 subfamilies ap-
peared and amplified. All five of the tested L1PA5 in-
sertions were present in orangutans, suggesting that the
amplification of the L1PA5 subfamily may have con-
cluded before the divergence of the Asian (orangutans)
and African apes (fig. 3). In contrast, some of the L1PA4
insertions isolated from the libraries were absent from
orangutans, indicating that this subfamily amplified both
before and after the Asian-African divergence. L1PA2
elements first appeared before the gorilla divergence and
ceased to amplify before the Homo-Pan divergence,
whereas L1PA3 elements appear to have amplified over
an extended period of great ape evolution. These data
are consistent with the accepted phylogenetic relation-
ships among the great apes and with a monophyletic
relationship between humans and chimpanzees (Cac-
cone and Powell 1989; Arnason et al. 1996; Ruvolo
1997; Takahata and Satta 1997; Satta et al. 2000; Chen
and Li 2001). They also indicate that multiple L1 sub-
families were synchronously retrotransposing during
great ape evolution (Smit et al. 1995). None of the tested
L1 insertions were present in a species distribution that
was inconsistent with the most commonly accepted phy-
logeny of the great apes (fig. 3). Therefore, these data
provide no evidence for the loss of an L1 insertion at
these loci in any great ape lineage (Boissinot et al. 2001).
The low rate (or absence) of L1 loss also suggests that
the large difference in the proportion of lineage-specific
L1 insertions in the Homo and Pan genomes is likely
due to a difference in the rates of L1 amplification (as
opposed to a difference in the rate of L1 loss) in these
lineages. Alternatively, these data may reflect a difference
in the accumulation of full-length insertions only, rather
than a difference in overall amplification rates. We con-
sider this less likely, because it implies that selection
against full-length L1s has been greater in the Homo
than in the Pan lineages (Boissinot et al. 2001). An al-
ternative explanation—that the processivity of the L1
reverse transcriptase is greater in chimpanzees and bon-
obos than in humans—is also unlikely. The proportion
of full-length L1s among recent human insertions is
much higher than among older insertions (Boissinot et
al. 2001; Ovchinnikov et al. 2002). If this were the result
of an increase in L1 processivity, then an even faster
increase in Pan than inHomo lineages would be required
to account for our results.
To further characterize Pan-specific L1 insertions, we
cloned and entirely sequenced two bonobo-specific L1s,
one chimpanzee-specific L1, and one insertion shared by
both bonobos and chimpanzees but absent from all
other great apes. These represent the first complete
sequences of L1s that inserted into the genomes of our
closest ape relatives subsequent to the divergence of the
Homo and Pan lineages. Previously, a single near–
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Figure 4 Identification of a Pan-specific L1 subfamily. A, Shared sequence variants specific for Pan L1s. The sequences of four Pan-specific
L1s, obtained by cloning and entirely sequencing L1 elements identified from LOAF library clones, and 40 L1Hs–L1PA5 insertions, downloaded
from GenBank, were aligned with the MacVector 7.0 implementation of the ClustalW algorithm (see fig. 5 for a list of the sequences). The
sequences have been deposited in GenBank under accession numbers AY189988–AY190012. Only positions that contained nucleotides specific
for Pan L1s are depicted. Coordinates (listed in top row) refer to nucleotide positions in the actively transposing element LRE1 (Dombroski et
al. 1991). The asterisk denotes a single-base insertion in Pan-specific L1s between nucleotides 268 and 269 of LRE1. B, Results of PCR
amplification using great ape genomic DNA and Pan-specific L1 primers. Primers were designed to anneal to L1 sequence at regions near the
5′ end in which one or more Pan-specific SSVs were present (see text). PCR conditions will be supplied upon request. bo p bonobo; ch p
common chimpanzee; go p lowland gorilla; hu p human; mk p DNA marker; nc p negative control; so p Sumatran orangutan.
full-length gorilla insertion had been sequenced
(DeBerardinis and Kazazian 1998). Alignment of these
sequences with 40 L1s belonging to the L1Hs–L1PA5
subfamilies revealed 15 shared sequence variants (SSVs)
specific for Pan L1s (fig. 4A). We confirmed that these
SSVs were specific for Pan insertions by performing PCR
amplifications with primers designed to anneal to L1
regions with SSVs (fig. 4B). Primer LM43 (5′-CACCT-
GGAAAACTCGGGTCACTCC-3′) hybridizes to a se-
quence containing the insertion of a C between nt 268
and 269 of LRE1; primer LM44 (5′-GGCGCTCTGCA-
TTTTAGAGTTTCCTGT-3′) hybridizes to a region con-
taining a TrA mutation at position 937 and a CrT
mutation at position 951; and primer LM45 (5′-CTCTA-
GACTTCCCTTCTCGCTTCGTTTC-3′) hybridizes to a
sequence containing two TrC mutations at positions
1293 and 1311. Amplification of genomic DNA from
the various great apes yielded products of the expected
Figure 5 Phylogenetic analysis of Pan and human L1 sequences. The figure shows a neighbor-joining tree (Kimura two-parameter, 2,000
bootstrap replications) generated from a ClustalW alignment of full-length L1 sequences. Included are the 4 Pan-specific L1s identified from
the LOAF libraries and the 40 L1Hs–L1PA5 human genome sequences downloaded from GenBank. Amplification of the L1PA2 and older
subfamilies ceased prior to the Homo-Pan divergence. Human-specific elements in the Ta, ACG/A, ACG/G, and GCG/A groups amplified only
after the split between the Homo and Pan lineages, whereas AAG/A elements amplified both before and after the split (Ovchinnikov et al.
2002).
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size in bonobos and chimpanzees but no products in any
of the other samples (fig. 4B). These results indicate that
the SSVs correctly identify a Pan-specific L1 subfamily.
The evolutionary relationships among the L1 inser-
tions were further explored by performing phylogenetic
analyses. As shown in figure 5, a neighbor-joining tree
of the 4 Pan-specific and 40 L1Hs–L1PA5 L1s displays
a well-supported separation between a clade including
the Pan-specific L1s and a clade including all human-
specific L1 groups (Ta, ACG/G, and ACG/A). The tree
also supports a separation between older (ACG/A) and
younger (ACG/G and Ta) human-specific insertions, as
reported elsewhere (Ovchinnikov et al. 2002). Young,
lineage-specific insertions (both Homo and Pan) show
greater resolution than do older (L1PA2) insertions,
presumably because the former have had less time to
accumulate random mutations. Maximum-parsimony
analyses performed in PAUP, version 4.0b10, yielded a
tree with similar topology, which is not shown (available
upon request).
We pose three possible explanations for differential
L1 amplification rates in humans and great apes: (1) a
change in the frequency of retrotransposition, which re-
quires a differential change in the biochemistry of L1
amplification between the lineages; (2) selection, which
requires closely related species to have different re-
sponses to the evolutionary dynamics between L1 par-
asites and host genomes (Yoder et al. 1997; Bestor 1999);
and (3) population dynamics. Several studies indicate
that the evolution of humans was associated with one
or more population bottlenecks (Rogers and Harpending
1992; Rogers 1995; Kimmel et al. 1998). Population
constrictions are associated with a reduced genetic di-
versity, mostly as a result of the loss of low-frequency
alleles. Because most active L1s are present in the pop-
ulation at low gene frequencies, the rate of L1 amplifi-
cation may have been reduced by a contraction in the
number of actively mobile L1s during human evolution.
To our knowledge, no evidence has been reported for
similar bottlenecks in the Pan lineage. In addition, the
presence of higher levels of genetic diversity in chim-
panzees than in humans (Kaessmann et al. 2001) sug-
gests that any population bottlenecks that might have
occurred in the Pan lineage was less severe than those
that occurred in humans.
The presence and activity of L1 elements represent
substantial sources of genomic instability. Aside from
insertional mutagenesis, L1 retrotransposition events
may be associated with major changes in genomic struc-
ture (Ostertag and Kazazian 2001; Gilbert et al. 2002;
Morrish et al. 2002; Symer et al. 2002), and L1 elements
may participate in both nonhomologous and unequal
homologous recombination events, resulting in large ge-
nomic deletions (Drechsler and Royer-Pokora 1996;
Burwinkel and Kilimann 1998; Kumatori et al. 1998;
Zhang and Zhang 1998; Segal et al. 1999; Suminaga et
al. 2000). The 5′ UTR of L1 elements contain transcrip-
tion regulatory sequences (Swergold 1990); thus, the in-
sertion of full-length L1s may result in the altered ex-
pression of nearby genes (Britten 1996; Yang et al.
1998). Our data suggest that the rates of L1 amplifi-
cation differ substantially between the Homo and Pan
lineages, indicating that L1 amplification may change
rapidly during primate evolution. What causes L1 am-
plification rates to change during evolution is not
known. However, it is interesting to note that L1 am-
plification in plants has been reported to be sensitive to
evolutionary and environmental stress (Kalendar et al.
2000). Our in silico analysis of near–full-length L1s on
five human chromosomes revealed 92 L1Hs insertions
(fig. 2A). By extrapolating from this result, we estimate
that there are ∼380 near–full-length human-specific
L1Hs elements in the modern human genome. Thus, the
chimpanzee and bonobo genomes may have as many as
760–1,140 full-length insertions that are absent from the
human genome. It will be important to determine the
impact of these insertions on genomic evolution and the
extent to which they have been involved in the genetic
and phenotypic differentiation of the Homo and Pan
lineages.
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